Abstract Signal pathways that reduce the levels of tyrosine-phosphorylated STAT3 (pSTAT3) allow late retinal progenitors to exit the cell cycle and enter a terminal differentiation pathway into rod photoreceptors. In the mouse retina, we previously identified PKC-β1 and PKC-γ isoforms as essential components of a key signal pathway and IGF-1 as a major extrinsic factor regulating rod formation. In this manuscript, we demonstrate that PKC decreases phosphotyrosine but not phosphoserine on STAT3 in neonatal mouse retinas. Neither IGF-1 nor PMA induced a significant change in the levels of STAT3 or in the levels of the key proteins regulating STAT3 degradation, SOCS3, and PIAS3. Treatment of neonatal mouse retinal explants with sodium orthovanadate inhibited the PKC-mediated reduction in pSTAT3, indicating a role for a phosphatase. Addition of the PTEN inhibitor bpV(phen) to explant cultures treated with IGF-1 or PMA had no effect on the reduction in pSTAT3 levels, but the effect of both IGF-1 and PMA was blocked by a concentration of the inhibitor NSC87877 that is selective for the phosphatases Shp1 and Shp2. Inhibition of Shp1/2 phosphatases was also sufficient to abolish the IGF1-mediated induction of rod photoreceptor differentiation in the retina explant cultures. We conclude that one or both of these phosphatases are key components regulating the formation of rod photoreceptors in mouse retina.
Introduction
Retinal development is a tightly regulated process in which the coordination of proliferation and cell differentiation results in the ordered formation of the different cell types that populate the retina. In the mouse, about 20 % of rods exit mitosis between E16 and E20, although the majority of rod photoreceptors are born soon after birth with 95 % formed by PN5 (Young 1985; Livesey and Cepko 2001; Rapaport et al. 2004) .
The cytokines CNTF and LIF are able to completely block rod differentiation during the late embryonic and early postnatal periods (Neophytou et al. 1997; Ezzeddine et al. 1997 ). This action has been shown to be due entirely to their activation of STAT3 since sustained activation of STAT3 by virally encoded, constitutively active STAT3 completely blocked rod photoreceptor formation and, conversely, a virally encoded dominant-negative form of STAT3 allowed formation of rods even in the presence of CNTF . Similar conclusions were reached following experiments using pharmacological inhibitors of STAT3 (Rhee et al. 2004 ). These results have led to the suggestion that STAT3 serves as a gatekeeper between the transition from progenitor proliferation and commitment to rod differentiation Rhee et al. 2004) .
Several growth factors can promote rod formation in neonatal retinas, and in a survey of some of these, we found that the most robust effect was induced by IGF-1. We subsequently demonstrated that the action of IGF-1 required the PKC-β1 and PKC-γ isoforms (Pinzon-Guzman et al. 2011) .
Stimulation of PKCs with either IGF-1 or PMA increased the number of rods whereas blocking PKC-β1 and PKC-γ activities resulted in the absence of rod formation. Both IGF-1 and PMA led to decreased levels of tyrosine-phosphorylated STAT3, an effect that could be blocked by PKC inhibitors. From these results, we suggested that IGF-1 regulated the production of rods in part by reducing the levels of tyrosinephosphorylated STAT3 (Pinzon-Guzman et al. 2011) .
Decreases in STAT3 activity can be achieved by altering the levels of STAT3 protein or by changing its phosphorylation state. Two known regulators of STAT3 protein levels are SOCS3 and PIAS3. SOCS3 is a member of a family of intracellular proteins that function as E3 ubiquitin ligases and mediate the degradation of proteins that are associated with these proteins through their N-terminal regions (Kubo et al. 2003; Naka et al. 2005) . The protein inhibitor of activated STAT3 (PIAS3) is an E3 SUMO ligase that can decrease STAT3-dependent transcription by blocking STAT3-DNA binding in the nucleus and have other effects that can modulate photoreceptor development (Chung et al. 1997; Jackson 2001; Shuai and Liu 2003; Onishi et al. 2009 ). Several phosphatases can act on tyrosine-phosphorylated STAT3. Among these are the phosphatase and tensin homologue (PTEN), protein-tyrosine phosphatase 1B (PTP1B), and the SH2-containing phosphatases 1 and 2 (Shp1 and Shp2) (Sun and Steinberg 2002; Yasukawa et al. 2000; Shuai and Liu 2003) .
In this study, we demonstrate that, during retinal development, IGF1-induced activation of PKC results in reduction of tyrosine-phosphorylated STAT3 through actions of a phosphatase. Selective paharmacological inhibitors indicate that the critical enzymes are Shp1 or Shp2, or both, but not either PTEN or PTP1B.
Materials and Methods

Reagents
Polyclonal antibodies against STAT3 C20 (Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated STAT3 (pSTAT3) (Y705) (Cell Signaling Technology, Inc., Beverly, MA) SOCS3 (Abcam), PIAS3 (Cell signaling Technology, Inc, Beverly, MA), and β-actin (Sigma-Aldrich, St. Louis, IL) were employed in these experiments. Ret-P1 monoclonal antibody recognizes an epitope on the N-terminus of opsin of rod photoreceptors (Barnstable 1980; Hicks and Barnstable 1987) . Recombinant LIF was purchased from Millipore (Billerica, MA), IGF1 mouse recombinant from Sigma (St Louis, MO), PMA from LC Laboratories (Woburn, MA), PTEN inhibitor (bpV(phen) from Calbiochem (Darmstadt, Germany), and protein tyrosine phosphatase inhibitor (NSC87877) from Tocris bioscience (Bristol, UK).
Animals
C57Bl/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). All experiments were approved by the Animal Care and Use Committee of Pennsylvania State University College of Medicine. Mice were housed on a 12-h/12-h light/dark cycle with ad libitum access to rodent chow. P1 retinas from animals of either sex were used for all experiments. Most of the litters were born on E20, which was considered equivalent to postnatal day 1 (PN1).
Retina Isolation and Culture
Whole retinas were isolated from pups at PN1 as previously described Pinzon-Guzman et al. 2011) . Briefly, the sclera and most of the retinal pigmented epithelium (RPE) layer were removed and the retinas cultured in UltraCulture™ (Cambrex Bio Science, Rockland, ME) serum-free medium supplemented with gentamycin (10 μg/ml). For biochemical experiments, retinas were preincubated for 5 h and then for 30 min in the test compound, unless otherwise stated. For detection of rod photoreceptors, retinas were cultured individually in 1 ml of media in a 24-well culture dish at 37°C in a 5 % CO 2 , balance air, atmosphere. Medium was changed every other day by replacing 0.5 ml with fresh medium.
Western Blot
Whole cell extracts were prepared and Western blot assays performed as described previously (Asao and Fu 2000; Zhang et al. 2004; Pinzon-Guzman et al. 2011) . Twenty-five to 30 μg of lysate were separated by SDS-polyacrylamide gel electrophoresis and transferred to Immun-BlotTM polyvinylidene difluoride membrane (Biorad Hercules, CA). Following incubation with primary and secondary antibodies, immunoreactive bands were visualized using SuperSignalR Chemiluminescent Substrate (Thermo Scientific Rockford, IL). Quantitative image analysis was performed using Image J 1.29 (downloaded from http://rsb.info.nih.gov/ij/).
Histology and Immunocytochemistry
Whole eyes and explanted retinas were fixed with 4 % paraformaldehyde in PBS for 24 h at 4°C. After three washes with PBS, fixed tissues were dehydrated through a series of graded ethanols and embedded in paraffin. All samples for one experiment were placed in the same blocks and sectioned for immunohistochemistry. Antigen retrieval was performed as previously described (Zhang et al. 2003 . Following single or double labeling with fluorescent dye-conjugated secondary antibodies (Jackson Immuno-Research Laboratory, West Grove, PA), sections were imaged using an Olympus Fluoview FV1000 confocal microscope (Olympus Center Valley, PA). For each set of experiments, acquisition parameters for each antibody were maintained constant. Cell counts were obtained by averaging the number of rods present in three individual histological cross sections of each retina. At least three different retinas were studied per treatment focusing on the central areas of the retina.
Statistical Analysis
Statistical analyses were performed using the GraphPad Prism software. Student's t test (two-tailed, unpaired) was used to compare two groups and one-way ANOVA (with NewmanKeuls post test) was used to compare more than two groups.
Results
Activation of PKC Does Not Change Levels of STAT3 Serine Phosphorylation or Total STAT3 Protein
We have previously demonstrated that activation of PKC-γ and PKC-β1 with either PMA or IGF1 led to a significant reduction of STAT3 tyrosine phosphorylation during retinal development (Pinzon-Guzman et al. 2011) . STAT3 activity can also be modulated by serine phosphorylation but after treating retinas with either PMA or the known STAT3 activator LIF, we found no significant difference in Ser 727 phosphorylation from control values (Fig. 1a) . Within the time course of these experiments, there was also no significant change in the level of STAT3 protein (Fig. 1b) .
PKCs Do Not Regulate STAT3 Through Changes in SOCS3 or PIAS3 Protein Levels Downregulation of STAT3 can occur by ubiquitination or sumoylation mediated by the proteins SOCS3 and PIAS3, respectively. Each of these proteins can be upregulated by stimuli that downregulate STAT3. Over the time course of these experiments, the levels of SOCS3 were not significantly altered by either PMA or IGF-1 (Fig. 2a, b) . Similarly, PMA had no effect on the levels of PIAS3 and IGF1 gave a barely significant increase (Fig. 2c, d ). In these experiments, the treatments did not significantly alter STAT3 levels ( Fig. 2e ) but did reduce pSTAT3 levels ( Fig. 2f ) (P<0.05 and P<0.005 for IGF1 and PMA, respectively, n=5). In addition, the Western blots of STAT3 protein under these conditions showed a clear single band rather than the multiple bands seen under conditions of ubiquitination. From these results, we suggest that, at least in the short term, PKCs do not reduce STAT3 activity by the action of either SOCS3 or PIAS3.
Activation of PKCs Reduce the Levels of pSTAT3 Through the Activation of a Phosphatase
To test the potential role of a phosphatase in regulating STAT3 activity, we first used the general phosphatase inhibitor sodium orthovanadate (NOV). We pre-incubated P1 retinal explants for 1 h with 100 μM of NOV before adding PMA or IGF1 (Fig. 3) . As expected from our previous studies, retinal explants treated with PMA had pSTAT3 levels reduced to one half compared to controls (0.42±0.07, n=8, P<0.0001) and explants treated with IGF1 decreased pSTAT3 to almost undetectable levels (0.20±0.12, n=6, P<0.0001). One-hour preincubation with NOV completely blocked the PMA inhibition of STAT3 phosphorylation (1.104±0.1132, n=8, P=0.79). NOV also substantially increased the pSTAT3 levels in the presence of IGF1, although not quite to control levels (0.6999 ±0.1245, n=3, P<0.05). Therefore, we concluded that PKC reduced tyrosine phosphorylation of STAT3 by recruiting a phosphatase. PKCs Do Not Regulate pSTAT3 Through the Activation of PTEN The major substrate of PTEN is phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ), but it has also been shown to remove phosphate from tyrosine 705 of STAT3. To test the possible involvement of PTEN in regulating STAT3 activity, we used the PTEN inhibitor bpV(phen) at a concentration of 50 nM, above the IC 50 for PTEN (IC 50 =38 nM) but well below the levels that inhibit other phosphatases. We cultured P1 retinas for 30 min in the presence of PMA, with or without bpV(phen). Addition of PTEN inhibitor alone did not change the phosphorylation of STAT3 (1.074±0.078, P=0.48, n=7) compared to control, whereas PMA treatment resulted in a significant decrease (Fig. 4) . When PMA and bpV(phen) were added together or when explants were preincubated in bpV(phen) for 1 h, tyrosine pSTAT3 levels were still reduced to similar levels as PMA alone (0.61±0.09, P<0.05, n=3 and 0.36±0.054, P<0.001, n=3, respectively) (Fig. 4) . Therefore, we concluded that PTEN is not required for the PKCdependent inhibition of STAT3 activity during retinal development. Fig. 2 PMA and LIF reduce pSTAT3 levels but have no effect on SOCS3, PIAS3, or STAT3 levels. a Western blot showing SOCS3 protein levels found in PN1 retinas after 30 min of treatment with 100 nM PMA, 20 ng/ml LIF, or 50 ng/ml IGF1. b Average amount of total SOCS3 protein found in three separate PN1 retinas treated as in a (n=3). c Western blot showing PIAS3 levels after 30 min of treatment with 50 ng/ml IGF1 or 100 nM PMA. d Average amount of total PIAS3 protein found in PN1 retinas treated as in c (n=5). e, f The retinas in c and d showed no change in total STAT3 levels e but significant reductions in pSTAT3 level f. *P<0.05; **P<0.005 vs control Fig. 3 Activation of PKC inhibits tyrosine phosphorylation of STAT3 through modulation of phosphatase activity. Amount of tyrosinephosphorylated STAT3 found in P1 retinas after 30 min of treatment with 100 nM PMA, 50 ng/ml IGF1, or 1-h pre-incubation with 100 μM NOV (sodium orthovanadate) before addition of IGF1 or PMA. *P<0.05; **P<0.005; ***P<0.001; n=3. Values are relative to control unless indicated by horizontal bars
PKCs Can Regulate pSTAT3 Levels Through Shp1 or Shp2
Other phosphatases that have been linked to STAT3 deactivation in a number of tissues include protein tyrosine phosphatases Shp1, Shp2, and PTP1B. NSC87877 is an inhibitor of a group of tyrosine phosphatases. Its IC 50 values are 0.318, 0.355, 1.691, 7.745, 65.617, 84.473, and 150 μM for Shp2, Shp1, PTP1B, HePTP, DEP1, CD45, and LAR, respectively. To test the actions of this inhibitor on pSTAT3 levels, we cultured P1 retinas with PMA in the presence or absence NSC87877. We used two concentrations of NSC87877, 300 μM to inhibit all seven phosphatases and 1 μM to selectively inhibit Shp1 and Shp2. The reduction of STAT3 phosphorylation by PMS was blocked in retinas treated with NSC87877 at either concentration (Fig. 5a) . We repeated the experiments by treating P1 retinal explants with 50 ng/ml IGF1 with or without the phosphatase inhibitor at 1 or 300 μM (Fig. 5b) . IGF1 treatment reduced the pSTAT3 levels by about 50 % (0.5±0.03, P<0.01, n=4) but this action was completely blocked by 1 μM NSC87877. IGF1 in the presence of 300 μM of the phosphatase inhibitor gave a small, but not statistically significant difference in pSTAT3 levels compared to control. These results strongly suggest that shp1 or shp2 is responsible for IGF1-/PMA-induced reduction of tyrosine-phosphorylated STAT3.
Inhibition of Shp1 or Shp2 During IGF1 Treatment of Retinal Explants Prevents IGF1-Induced Promotion of Rod Photoreceptor Development
To determine whether Shp1 or Shp2 activity was a necessary component of IGF1-induced rod photoreceptor development, we tested the effect of NSC87877 in PN1 retinal explants cultured for 4 days in the presence of IGF1 with or without NSC87877 at 1 or 300 μM. IGF1 treatment resulted in a tenfold increase in the number of rods at the end of the culture (10.09±0.71, P<0.0005, n=3) and the tissue had a normal cytoarchitecture (Fig. 6) . However, when retinas were cultured in the presence of IGF1 and 1 μM of phosphatase inhibitor, the number of rods was not significantly different to control retinas (Fig. 6 ). Over this time period, retinas cultured with IGF1 and 300 μM of NSC87877 had a disrupted cytoarchitecture, suggesting that this concentration of phosphatase inhibitor was toxic to the tissue. These results further support the idea that Shp1, or Shp2, is a key member of the IGF1-induced pathway promoting rod photoreceptor differentiation.
Discussion
Continuous activation of STAT3 completely blocks differentiation of rod photoreceptors in the neonatal mouse retina by a mechanism consistent with maintaining the progenitor pool and preventing the cells from exiting cell cycle and continuing their differentiation process ; Rhee et al. Fig. 4 Amount of tyrosine-phosphorylated STAT3 found in P1 retinas after 30 min of treatment with 100 nM PMA in the presence of absence of 50 nM of bpV(phen) or 1-h pre-incubation with 50 nM of bpV(phen) before addition of PMA. PMA decreased pSTAT3 by over 50 % (0.42± 0.07, P<0.001, n=8). bpV(phen) was not able to reverse the action of PMA. *P<0.05; ***P<0.001 Fig. 5 a Amount of tyrosine-phosphorylated STAT3 found in WT P1 retinas after 30 min of treatment with 100 nM PMA, 100 nM PMA and 300 μM NSC87877, and 100 nM PMA and 1 μM NSC87877. b Amount of tyrosine-phosphorylated STAT3 found in WT P1 retinas after 30 min of treatment with 50 ng/ml IGF1, 50 ng/ml IGF1 and 300 μM NSC87877, and 50 ng/ml IGF1 and 1 μM NSC87877. *P <0.5; **P<0.05; ***P<0.005 vs control 2004). There is also extensive evidence that STAT3 plays a similar role at many stages of mammalian development. For example, it is a key transcription factor regulating mouse embryonic stem cell self-renewal (Xie et al. 2009 ). At later stages, in the embryonic neocortex, STAT3 maintains neural precursor cells by acting on the notch pathway through controlling expression of delta-like ligand 1 (Yoshimatsu et al. 2006) . During embryonic stages, STAT3 is activated by a variety of pathways including gp130 receptors for ligands such as CNTF and LIF (Fig. 6 ). Although we, and others, have reported a variety of pathways by which STAT3 can be activated, there is less information about how it is inactivated in developing tissues such as the retina (Zhang et al. 2003 (Zhang et al. , 2005 Hertle et al. 2008) .
Several mechanisms by which STAT3 can be inactivated have been described. One well-characterized mechanism is the degradation of STAT3 protein initiated by the proteins SOCS3 and PIAS3 (Yoshimura 2009; Yagil et al. 2010) . SOCS3 is expressed in the outer retina and is required after P0 to shut down the residual STAT3 activation and allow rhodopsin expression and rod photoreceptor cell terminal differentiation (Ozawa et al. 2007 ). PIAS proteins have SUMO (small ubiquitin-related modifier) E3 ligase activity and PIAS3 has various functions, including regulating the level, and thus the activity, of STAT3. We have previously shown that as rod photoreceptors differentiate, they downregulate STAT3 and both SOCS3 and PIAS3 may play a role in this (Zhang et al. 2003) . In the present study, we found that IGF1 and PMA were able to reduce the level of pSTAT3 without any significant change in the level of STAT3 protein. This suggests that over the time course of these experiments, IGF1 and PKC regulate STAT3 activity by another route.
The other major class of STAT3 inactivators is tyrosine phosphatases, and the ability of the non-specific phosphatase inhibitor orthovanadate to block the actions of PMA and IGF-1 indicates a role for a phosphatase downstream of PKC activation in the pathway regulating rod photoreceptor development. Although the full range of phosphatases that can act on pSTAT3 is not known, four have been well documented, PTEN, PTP1B, and SHP-1/2 (Sun and Steinberg 2002; Yasukawa et al. 2000; Shuai and Liu 2003) . By the use of selective inhibitors we suggest that either Shp1 or Shp2 are responsible.
In previous studies of nervous system development, Shp2 signaling acted as a critical switch in biasing cortical precursor cells and neural stem cells toward a neuronal fate rather than glial cell (Gauthier et al. 2007; Ke et al. 2007 ). Moreover, in retina, Shp2 signaling is required for the patterning of the neural retina by promoting progenitor differentiation (Cai et al. 2010) . These results are consistent with our hypothesis that by removing the tyrosine phosphorylation of STAT3, the progenitor cell is allowed to exit mitosis and begin their differentiation process.
Interactions between PKC and Shp2 have been demonstrated in vitro (Zhao et al. 1994) . Later, interactions between SHP2 and PKC isoforms α, β1, β2, and η in intact cells were shown to result in phosphorylation of Shp2 at serine residues 576 and 591 (Strack et al. 2002) . In both cases, it appears that phosphorylation does not alter the intrinsic activity of the Fig. 6 Inhibition of Shp1/2 during IGF1 treatment of retinal explants prevents IGF1-induced promotion of rod photoreceptor development. a Immunofluorescence detection of opsin (green) overlaid with nuclear counterstain (Hoechst, blue) of 4 days P1 retinal explants. P1 retinas were cultured from WT mice for 4 days in the presence of 50 ng/ml IGF1, or b numbers of rods present on P1 retinas after 4 days of culture in the presence of 50 ng/ml IGF1, 50 ng/ml IGF1 and 300 μM NSC87877, and 50 ng/ml IGF1 and 1 μM NSC87877. Counts were obtained by averaging the number of rods present in three individual histological cross sections of each retina. At least three different retinas were studied per treatment focusing on the central areas of the retina. ***P<0.005. Scale bar in a, 40 μm phosphatase but may alter its ability to associate with various adapter proteins. Inhibition of PKC-mediated phosphorylation of Shp-2 blocked its association with Frs2 and Gab1 adaptor proteins and prevented FGF2-mediated activation of Ras in chondrocytes (Krejci et al. 2007 ). Whether similar adapter proteins are involved in regulating the action of Shp-1/2 on STAT3 has yet to be determined.
Our previous studies described a pathway from IGF1 through PKC-β1 and PKC-γ that resulted in decreased activity of STAT3 and promotion of rod photoreceptor formation (Pinzon-Guzman et al. 2011 ). While it is clear that IGF1 can stimulate receptors other than the IGF-1R, our previous results indicate that if there are other pathways involved, they converge at the level of PKC activation. We now suggest that the link between PKC activation and STAT3 inactivation may be through Shp1 or Shp2 phosphatase. Since inhibiting these phosphatases was sufficient to block the action of IGF-1 over a period of 4 days in retinal explant cultures, dephosphorylation of STAT3 is clearly a necessary step in this pathway. We have previously described the downregulation of STAT3 protein as rod photoreceptors differentiate suggesting that mechanisms subsequent to dephosphorylation continue the process of eliminating STAT3 action in these cells.
Many of the molecules described in this manuscript and in our previous work are also present in adult mouse retinal cells, including rod photoreceptors (Kinkl et al. 2001; PinzonGuzman et al. 2011) . Many have been associated with survival pathways and so it is likely that the function of these molecules changes from regulation of development to homeostasis and/or survival. Further studies are needed to determine whether this change in function is associated with any change in, for example, IGF-1R subunits or any other downstream molecule. It is also very likely that the genes regulated by STAT3 differ between the developing retina and the adult due to the different spectrum of transcription factors and epigenetic marks present in the cell nuclei.
Other factors have been shown to influence rod formation in the developing retina, but their relationship to the pathway we have described is not yet known (Levine et al. 2000; Hunter et al. 2004; Volpert et al. 2009 ). Given the powerful action of STAT3 as a gatekeeper controlling the transition from progenitor to postmitotic cell, it is tempting to speculate that many of these pathways converge at the point of regulating STAT3 levels or activity. Our continuing elucidation of one key pathway regulating rod photoreceptor formation will allow us to gain insight into the genetic and epigenetic mechanisms governing this complex transition. In addition, STAT3 is present in may parts of the developing nervous system so that the pathways we define in the formation of rod photoreceptors may well serve as models for the development of many types of neuron.
